The natural occurrence of lentiviruses closely related to feline immunodeficiency virus (FIV) in nondomestic felid species is shown here to be worldwide. Cross-reactive antibodies to FIV were common in several free-ranging populations of large cats, including East African lions and cheetahs of the Serengeti ecosystem and in puma (also called cougar or mountain lion) populations throughout North America. Infectious puma lentivirus (PLV) was isolated from several Florida panthers, a severely endangered relict puma subspecies inhabiting the Big Cypress Swamp and Everglades ecosystems in southern Florida. Phylogenetic analysis of PLV genomic sequences from disparate geographic isolates revealed appreciable divergence from domestic cat FIV sequences as well as between PLV sequences found in different North American locales. The level of sequence divergence between PLV and FIV was greater than the level of divergence between human and certain simian immunodeficiency viruses, suggesting that the transmission of FIV between feline species is infrequent and parallels in time the emergence of HIV from simian ancestors.
The rapid emergence of AIDS during the past decade has brought about extensive efforts to determine the origin and natural history of human immunodeficiency virus types 1 and 2 (HIV-1 and HIV-2), the etiologic agents of the disease. Lentiviruses that have gene sequence homology with HIVs have been found in several mammalian species (including sheep, goats, horses, cattle, cats, and several Old World monkey species), indicating that humans are merely the latest unfortunate species to have become infected via another mammalian species (7, 9, 10, 16, 17, 26, 38) . The evolutionary relationship between various viral groups has been approached by using genome organization, tissue tropism, pathological sequelae, and viral gene sequence similarity as characters upon which phylogenetic inference is based (7, 9, 16, 17, 26) .
The closest relatives of HIV have been isolated from several species of African and Asian primates. The African primates (notably sooty mangabeys, mandrills, green monkeys, grivets, and Sykes' monkeys) appear to serve as natural reservoirs for simian immunodeficiency virus (SIV), although infected native African species do not develop clinical symptoms (25, 35 strains of SIV in captive settings but do not appear to have been exposed to the virus in their natural habitat (19, 25, 27, 35) . These observations, combined with findings of extensive genetic variation within SIV isolates, have prompted the hypothesis that the human species acquired HIV rather recently by a transspecies infection from African primates that had harbored the ancestral lentiviruses for a long period, perhaps before the radiation of the African primate species (3, 7, 19, 21, 25, 27, 35) .
Interpretations of natural histories of retroviral origins are contingent upon virus isolation properly reflecting geographic origins of host species (9, 17, 26) . However, most SIV isolates have been recovered from captive monkeys, raising the possibility that the virus was acquired in an unnatural setting where exposure via other captive species can occur (we think that macaques acquired SIV in this way in primate research centers). For example, a recent isolate of simian immunodeficiency virus (SIV-CPZ) from two captive chimpanzees in Gabon is the closest relative to HIV-1 yet described (20, 39) , thereby making SIV-CPZ a strong candidate for a precursor of HIV-1. However, the virus is extremely rare in captive chimpanzees (infecting <1 of 250 animals), and there is no evidence for its occurrence in nature. Thus, it is possible that the SIV-CPZ was transmitted from humans to chimpanzees and not the other way around. Clearly, to interpret these data in a historical context, we need more information on the prevalence of lentiviruses in nature, specifically in other wild animal species. (38, 47) . FIV is widely prevalent in domestic cats and displays abundant inter se genetic diversity, suggesting that it has infected domestic cats for a long period. Recent serological studies have also detected antibodies against FIV in isolated individuals of nondomestic felid species, primarily from zoo collections (5, 24) . We extend these studies by a survey of serum samples from 12 species of the family Felidae, including serum samples from free-ranging populations of lions, cheetahs, and pumas collected in their native habitats. We min, and 72°C for 1 min). Reaction volumes, reagents, equipment, and oligonucleotide syntheses were as previously described (21) . A second round of 30 cycles using 10 ,ul from the first-round reaction products and a pair of oligonucleotides located within the boundaries of the first pair was necessary for the amplification of RT sequences of PLV-8, PLV-18, PLV-64, and PLV-80. PBMC DNA from seronegative pumas and no template controls were used routinely to detect PCR contamination. The amplified products were gel purified, prepared for blunt-end ligation, and cloned into a plasmid vector by conventional methods. Plasmid clones were isolated and sequenced by the chain termination method with T7 DNA polymerase (United States Biochemical). Oligonucleotide primer sequences and the nucleotide positions of the FIV-14 proviral sequence (37) TCATCCAT3'. Primers 669F and 1217R were used for amplification of the PLV-14 and FIV-MD sequences; 1258F and 1260R were used for PLV-16, PLV-21, and PLV-42. A second round of 30 cycles using 10 pA from the first-round reaction products and a pair of oligonucleotides located within the boundaries of the first pair was necessary for the amplification of RT sequences of PLV-8, PLV-18, PLV-64, and PLV-80: 1258F and 1260R (outer pair) and 1259F and 1261R (inner pair) were used for PLV-18; 1152F and 1314R (outer pair) and 1086F and 1068R (inner pair) were used for PLV-8, PLV-64, and PLV-80. Primers 669F, 1217R, 1152F, 1086F, and 1068R are FIV-14 sequence specific and were derived from conserved regions detected in alignments of several lentiviral pol gene sequences with FIV (data not shown). Primers 1258F, 1259F, 1260R, 1261R, and 1314R are PLV-14 sequence specific and represent conserved regions shared by PLV-14 and FIV-14 RT sequences.
Phylogenetic analyses. All sequences except PLV-8, PLV-18, PLV-64, and PLV-80 were subjected to phylogenetic analysis by using a total of 576 bp of nucleotide sequence representing 192 amino acid residues upon translation. Shorter sequences (318 bp, 106 amino acids) were also analyzed for all PLV isolates and all control lentiviruses. Each full-length sequence was separately aligned with every other sequence by the GAP program of the Genetics Computer Group (University of Wisconsin) computer software package (8) , which uses the algorithm of Needleman and Wunsch (28) . Distances are expressed on the basis of percent difference in amino acid sequence identity; gaps are given a weight of a single residue substitution regardless of their length (41) .
Nucleotide M95476, M95478, M95470, M95473, M95474, and M95472, respectively.
RESULTS
Prevalence of FIV antibodies in wild felid species. A total of 726 serum or plasma samples, representing 12 nondomestic felid species, were screened for antibodies that recognized FIV; 360 of the specimens were from free-ranging cats, and the rest were from captive-held animals. The samples were collected between 1978 and 1991, but the earliest specimens from free-ranging animals were collected in 1983 from Serengeti lions and cheetahs. The sera were typed by Western immunoblotting (Fig. 1) , and the results of all the typings are presented in Table 1 .
Several important observations are revealed by these data. First, there has been widespread exposure to lentiviruses related to FIV in sampled free-ranging populations of four species (lions, pumas, cheetahs, and bobcats). possible that the captive lion population was infected by exposure during captivity or via their African founders or both.
The immunoblots in Fig. 1 illustrate the seroreactivity patterns of infected lions, cheetahs, and pumas compared with those of domestic cat positive controls. Sera from two cheetahs recognized the FIV p179'9' core protein but not the p26ga9cA polypeptide seen in other animals. There was also a difference in reactivity patterns between two populations of seropositive lions from East Africa; i.e., the Ngorongoro Crater and Serengeti National Park populations (e.g., see p46fag bands in Fig. 1 ). These pattern differences may reflect reactivities to distinct viruses in the two locales that differ in immunological epitopes shared with FIV. These immunologic differences were an early suggestion that FIV 
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PLV-14 (31, 33) . The Florida panther is an endangered subspecies of F. concolor (other common names are puma, cougar, and mountain lion). Through efforts of the Florida Game and Freshwater Fish Commission, the Florida Panther Recovery Program was initiated in the early 1980s to try to prevent the extinction of this puma subspecies (13) . Thus, a well-defined and closely monitored free-ranging population was available for both serological and virological studies.
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A representative immunoblot analysis of plasma samples from 10 Florida panthers is shown in Fig. 1 (also see Table  1 ). Twenty-eight percent of the samples contained antibodies to FIV, extending the results presented in an earlier preliminary report (5 (Fig. 1D) . The particles appeared to be similar in size to FIV particles but were slightly smaller than primate lentiviruses (38) . We designated these isolates PLV.
Primary cell cultures of fresh PBMCs from a seronegative puma were readily infected with cell-free culture fluids from all four RT-positive cultures, thus demonstrating the infective capability of the lentiviruses. PLV isolates displayed a notable preference for growth in fresh puma PBMCs compared with fresh domestic cat PBMCs (data not shown). lentiviruses. Nucleotide sequences were converted to translated amino acid sequences. Each full-length sequence was separately aligned with every other sequence by using the PILEUP program of the Genetics Computer Group software package (8) , which uses the algorithm of Needleman and Wunsch (28) . Distances are expressed on the basis of percent difference in amino acid sequence; gaps are given a weight of one residue difference (41) . (A) UPGMA (Unpaired Group Method Analysis) tree derived by the PILEUP program (8, 44) . This program employed a single alignment of all sequences. (B) Phenetic tree derived from amino acid sequence match frequency (Table 2 ) by using the Fitch-Margoliash algorithm (12) , specifically, the KITSCH subroutine of the PHYLIP (Phylogenetic Inference Package) program, version 3.4 (11) . This program computes a midpoint-rooted topology based on the least-squares method and the assumption of an evolutionary clock rendering all terminal species as contemporaneous. The numbered leg lengths are the number of amino acid substitution differences of an unrooted tree generated by the FITCH algorithm in the absence of these assumptions. The scale is based on the fraction of substitution differences between species sequences. (C) Phylogenetic tree derived by the PAUP (Phylogenetic Analysis Using Parsimony) program, version 2.4 (45) . A strict consensus tree based on midpoint rooting is presented. Topologically equivalent trees were produced when BIV and BLV were designated as an outgroup for rooting. The scale and leg lengths are in amino acid substitutions (aa subs.). The tree shown has a length of 305 changes and an overall consistence index of 0.79, indicating a 21% convergence level. Virus abbreviations not introduced in the text are given in Table 2 , footnote a, except for CAEV (caprine arthritis-encephalitis virus) and OMVVSA (ovine maedi-visna virus isolate SA).
between each pol region sequence is presented in Table 2 .
The extent and character of sequence divergence (Fig. 2 ) allowed the construction of both phenetic (distance matrixbased) and phylogenetic (parsimony based on minimum length) evolutionary trees. We used three different phylogenetic methods to increase the reliability of the derived topologies, since tree-building algorithms depend on different assumptions. The derived trees and a description of the analytical methods are presented in Fig. 3 and the legend thereto.
The phylogenetic analysis of the PLV sequences (Table 2 and Fig. 3 with the only uncertainty being the divergence positions of visna virus and equine infectious anemia virus relative to primate and feline lentiviruses. Second, the derived trees recapitulated the conclusions of previous phylogenetic studies of lentivirus evolution (7, 9, 16, 17, 20, 21, 26) . Bovine leukemia virus and bovine immunodeficiency virus are more distant outgroups of four major evolutionary lineages, namely, the visna virus, equine infectious anemia virus, SIV-HIV, and feline lentivirus groups. Within the feline lentivirus group, the FIV isolates formed a monophyletic cluster, i.e., each FIV sequence was more closely related to other FIV sequences than they were to any other lentivirus type. As might be predicted from the immunological relatedness, the PLV isolates were more closely related to FIV than to other lentiviruses. As a group, the PLV isolates assorted according to their geographic origins (Fig. 3A) . Thus, the most similar isolates, PLV-14, PLV-16, PLV-21, and PLV-42 (98 to 100% amino acid sequence identity) were from a family group (mother PLV-14 and three offspring) living in Everglades National Park. PLV-8 and PLV-18, derived from animals that reside in the adjacent Big Cypress Swamp, showed 90 to 92% sequence identity to the Everglades group. Two PLV sequences from the western United States, PLV-64 and PLV-80, were as divergent from the Florida PLV sequences (80 to 84% identity) as any PLV isolates were from FIV (77 to 88% identity).
DISCUSSION
The serological survey and the genetic characterization of isolated PLV reported here demonstrate the widespread natural lentivirus prevalence in four genera of the cat family, Felidae. Feline lentiviruses appear to be endemic in lions of the Serengeti and Ngorongoro Crater in eastern Africa and in Kruger National Park in southern Africa, with infection rates surpassing the rates reported for SIV infection in African green monkeys (3, 7, 14, 15, 19, 21, 27) . In contrast, free-ranging lions from Namibia (southwestern Africa) appear free of infection, at least by the limits of our sampling and assay criteria. Similarly, East African cheetahs were infected (22% incidence), while captive cheetahs in South Africa, despite being descended from cheetahs caught in the wild (Kruger National Park and Namibia) in the 1970s (32, 34) (15, 19, 27) . The divergence between HIV-2 isolates and SIV-SM is greater than the amount of variation observed between most HIV-2 variants (19) . The closest simian isolate to HIV-1 is SIV-CPZ, which was isolated from two chimpanzees at a primate facility in Gabon (20, 39) . The genetic distance between HIV-1 isolates and SIV-CPZ is similarly outside the range of variation observed betweeii most HIV-1 variants, making SIV-CPZ an attractive candidate for a recent ancestor of HIV-1. HIV-1 apparently diverged from HIV-2 much earlier than either split from the simian counterpart (Fig. 3) , leading to speculation that HIV-1 and HIV-2 evolved separately in simian ancestors, probably species of the genus Cercopithecus (guenons and African green monkeys) (3, 10, 14, 21 Table 2 ]) is greater than the divergence in the homologous pol region between HIV-2 and SIV-SM (10% amino acid sequence and 17% nucleotide sequence divergence) or between HIV-1 and SIV-CPZ (6% amino acid sequence and 19% nucleotide sequence divergence). Furthermore, the most extreme divergence observed between PLV isolates (25% nucleotide sequence difference [ Table 2 ]) approaches the difference observed between HIV-1 and HIV-2 (28% nucleotide sequence difference). If these conservedpol sequences are changing at about the same rate in felids as in primates, it is likely that PLV and FIV are rather old felid viruses whose genomic divergence has proceeded primarily within separate species with interspecies exchange being rare. It is even conceivable that FIV and PLV have been isolated from each other since the species divergence estimated to have occurred 3 million to 6 million years ago (6, 23, 43, 46 (2) , it seems important to monitor certain infected free-living populations for possible disease or T-cell subset depletions by using newly available felid-specific monoclonal antibody reagents (1, 22, 42) . Long-term clinical tracking may prove particularly informative in establishing either pathological symptoms or virus-tohost synergism that may have developed during the recent natural history of the populations. Ongoing field studies with lions, cheetahs, and pumas led by authors of this report (C.P., T.M.C., and M.E.R.) offer a rare opportunity to track virus and/or disease progression in a natural setting. The apparent asymptomatic character of SIV infection in African green monkeys may also parallel the feline situation, in which historic selective episodes may have led to genomic adaptations of both the virus and the host, leading to a modem symbiosis. The critical role of the dynamic balance between pathogen and host genomes in epidemics has been discussed in detail elsewhere (4, 18, 29) . The natural history of feline lentivirus infection and disease processes in freeranging felids would provide a new model system for empirically describing this still poorly understood natural process.
